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Abstract

A procedure for preparing microhole array electrodes is described. These electrodes
are based on a microporous alumina filtration membrane. This membrane (Anopore)
contains linear 200 nm diameter pores. These pores define the holes in the microhole array.
The microelectrodes at the bottoms of the holes are formed by simply coating the back of the
membrane with gold. This procedure yields an electrode with a high density of uniform
microholes. Furthermore, this microhole array electrode combines very deep microholes
with the smallest microhole diameters (200 nm) to be reported in the literature to date.

Cyclic voltammetry was used to characterize these electrodes.




BRIEF

Microhole array electrodes with microelectrode diameters of 200 nm and recesses of

60 um were prepared and characterized.




IN DUCTION

Majda et al. developed and investigated modified electrodes based on microporous
alumina membranes (1-8). The membranes had cylindrical pores of equivalent diameter and
were prepared via a derivative of a classical electrochemical method (9-11). Majda et al.
attached various electroactive molecules to the pore walls and investigated rates of lateral
electron transfer in these membranes. More recently, related electrochemical devices -
"microhole" and "microhole array" electrodes - were developed and investigated by Bond et
al. (12) and Shimizu et al. (13-17). These are related devices because the electrode elements
are recessed within pores. These devices are used as electrochemical detectors for
electroactive analyte molecules in a contacting solution phase (14,17). The key advantage of
such detectors is that the electrochemical signal is insensitive to convection or flow in the
contacting solution phase, because the electrode element is recessed (15).

Microhole array electrodes have previously been prepared by potting carbon fibers in
epoxy and then electropolishing the carbon so that the ends of the fibers are recessed within
the epoxy (13-17). The increasing interest in microhole array electrodes (e.g. such
electrodes are now commercially available (18)) prompted us to ask whether microporous
alumina membranes might be useful for preparing arrays of microhole electrodes. The
advantage of this approach is that because the thickness, pore density, and pore diameter of
the microporous alumina membrane can be controlled by varying the anodization procedure
(9-11), microhole array electrodes with any desired characteristics could be prepared. In this
technical note we demonstrate that microporous alumina membranes can be used to prepare
microhole array electrodes. We also show that the faradaic response characteristics of these

electrodes are in agreement with predictions of the relevant transport theories (12,15,19,20).

-




EXPERIMENTAL
Electrode Preparation. Commercially-available Anopore™ alumina filters were obtained from

Anotec Separations; these membranes are 60 um thick, contain 200 nm-diameter pores, and

are ca. 65 % porous (21-24). An RF magnetron Ar plasma deposition system (Hummer VI,
Anatech) was used to coat one face of the Anopore membrane with a thin (20 nm) gold film

(23). This film served as a cathode for electroplating a thick (5 um) Au film onto the

membrane surface. The plating solution was Orotemp 24 (Technics) (22,23). A one-
compartment cell consisting of the Au/Anopore working electrode and a platinized niobium
mesh counter electrode was used. Au was deposited galvanostatically (0.8-1.2 mA/cm?) to a
total charge of S C/cm?. We prefer this electrochemical method (22,23) to vacuum
evaporation (1-8); evaporated films often peeled away from the membrane surface. The

electrodeposited films adhere strongly because gold deposits a short distance (1 wm) into the

pores. Hence, an array of Au microfibers (21-23) "anchors"” the Au film to the membrane.
After electroplating, the Au/Anopore membranes were washed with water and dried
in air. A 3/8" diameter circle was then punched from the membrane using a shim stock
punch and die set. This disk was attached with silver-epoxy (410E, Epo-Tek) onto an end of
a 3/8" diameter stainless steel rod which served as a current collector. The edges and sides
of the electrodes were insulated with Torr Seal epoxy. Ideally (see below), the disk-shaped
surfaces of the Au microfibers at the bottom of each pore define the active working electrode

area. The depth of the microholes is then just the thickness of the membrane (60 um) minus
the length of the Au fiber (21-23) (1 um).
Electrochemical Measurements. Electrochemical measurements were carried out in a single-

compartment glass cell containing the microhole array working electrode, the platinized




niobium mesh counter electrode, and an aqueous Ag/AgCl reference electrode (BAS) or a
non-aqueous Ag/AgNO, reference electrode (0.1M AgNO, in DMSO). Both double layer
charging and faradaic currents were investigated (25-28). Faradaic currents at the array
electrodes were investigated in both aqueous and nonaqueous solutions. The aqueous
solutions were 4.74 mM in K;Fe(CN), and 1 M in KCl. The nonaqueous solutions were
1.60 mM in ferrocene and 0.2 M in LiClO, (in DMSO). The microhole array electrodes
were soaked in the desired solution for at least 30 minutes prior to the electrochemical
measurements to insure maximal wetting of the microholes.

Charging currents were used to determine the electroactive surface areas of the
microhole electrodes (25-28). Both aqueous and nonaqueous solutions were investigated.
The aqueous solution was 1 M in KCl and 0.2 (v/v) % in S-1 (Technics} surfactant; the
surfactant was added to improve wetting of the pores. The nonaqueous electrolyte solution
was 0.2 M in LiClO, (in DMSOQ). Electroactive surface areas were obtained by comiparing
the double layer charging current at the array to analogous currents at an Au disk macro-
electrode of known area (25-28). We have used these methods extensively in our
investigations of ultramicrodisk electrodes (25-28). Typical voltammograms are shown in
Figure 1. To avoid unwanted residual faradaic currents (25) the charging currents were
measured at 0 V. The analogous background voltammogram at the array electrode (Figure
1) shows a pronounced slope, caused by the resistance of the solution within the pores of the
membrane. As in our previous studies, we circumvented this problem by measuring both the
anodic and cathodic current at a particular potential (in this case 0 V) and averaging the

absolute magnitudes of these currents to obtain the double layer charging current.




Enhancing Performance in Aqueous Solution. Charging currents in aqueous solution

increased with the duration of exposure of the electrode to the solution. As was the case
with our previous electrodes (25-28), this problem is caused by "creeping" of the solution
between the Au microfibers and the alumina membrane. We have attempted to solve this
problem by improving the adhesion between the Au and the alumina membrane. This was
accomplished by treating the membrane with 2-cyanoethyltriethoxysilane (Petrarch) prior to
deposition of the Au film (23). This silane was chosen because our prior investigations have
shown that the cyano group interacts strongly with gold (23). Silanization was accomplished
by sonicating the membrane in a 0.5 (w/w) % solution of the silane in anhydrous hexadecane

for 30 seconds. The membrane was then dried at 100° C overnight.

TS AND DI ION
Electroactive Surface Areas. Ideally, the electroactive surface areas is simply the product of
the known geometric area of the array electrode and the known porosity of the membrane
(25-28); however, if solvent can creep between the pore wall and the Au fiber, the measured
electroactive surface area will be larger than this ideal value (25-28). This excess surface
area is undesirable because it increases the background charging current; this is a common
problem with microelectrodes (27,29). Typical electroactive surface area data for three
microhole array electrodes are presented in Table I. The data are expressed as the ratio of
the measured area to the ideal area. When DMSO is the solvent, the measured area for the
array is essentially identical to the ideal area, even after S hours of continuous use in the

DMSO/supporting electrolyte solution (Table I).




In contrast, when water is the solvent, the electroactive surface area is initially
somewhat smaller than the ideal area (because a fraction of the pores are not wetted) but
becomes much larger than the ideal area after 5 hours of use. This indicates that water is
creeping between the Au fibers and the pore wall (25,28). The severity of this water-
creeping problem can be mitigated by treating the surface of the Anopore membrane with the
cyano-containing silane. As indicated in Table I, the electroactive surface area for the silane-
treated array increased by only a factor of 2 after 5 hours of continuous use in the aqueous
electrolyte solution. This is a substantial improvement relative to the array prepared from
the untreated Anopore membrane (Table I). Furthermore, the cyano-derivatized membrane is
more easily wetted by water than the virgin membrane because the derivatized membrane
initially shows the ideal electroactive area (Table I). Thus, derivatization of the membrane is
an important component of the electrode fabrication process.

Faradaic Response. As discussed in detail by others (12,15,19,20,30) the shape of the
voltammogram obtained at a microhole electrode is dependant on the scan rate and the depth
of the microhole. In a high scan rate experiment, the diffusion layers at the recessed
electrodes are confined within the membrane and do not propagate into the bulk solution
phase. Thus, a conventional peak-shaped, semi-infinite linear diffusion voltammogram is
obtained. The scan rate region over which this semi-infinite diffusion situation prevails
depends on the depth of the microhole (see below). The voltammograms shown in Figure
2A illustrate this limiting case. As indicated earlier, one of the advantages of microhole

electrodes is independence of the voltammogram from convection in the solution (15). This




effect is also illustrated in Figure 2A; note that voltammograms obtained from a quiescent
and a vigorously stirred solution are essentially identical.

At low scan rates, the diffusion layers created at the recessed Au electrodes will
become thicker than the depth of the microhole (12,15,19,20,30). The shape of the
voltammogram then depends on whether the solution is stirred or unstirred. If the solution is
unstirred, the diffusion layers propagate into the bulk solution and overlap to form a
diffusion field which extends linearly from the surface of the Anopore membrane; this "total
overlap” (26) limiting case is assured because of the high pore density of this membrane. If
the solution is stirred, the diffusion layers cannot propagate into the bulk solution. Thus the
diffusion layer becomes confined to the depth of the microhole plus the thickness of the
unstirred nernst layer at the membrane surface (15). In this case, a finite diffusion (i.e.
plateau-shaped) voltammogram will be obtained (15). The transition from the semi-infinite
to the finite diffusion cases is illustrated in Figure 2B.

This transition can be shown more quantitatively by plotting the peak or plateau
current vs. the square root of scan rate (Figure 3). As indicated in Figure 3, this transition
occurs at ca. 10 mV s, A simple analysis shows that this "transition scan rate” (v,) is
reasonable, given the depth of the microholes investigated here; v, can be converted to a

corresponding transition time (7) via

7 = RT/(Fy) (1)
A rof 2.57 s is obtained. The average distance (d) that a diffusion layer - ‘Il move in this

2.57 s time interval is given by

d = 2D7)'? (2)




where D is the diffusion coefficient. Equation 2 predicts that Fe(CN)" (D=7.6 X 10 cm?
s (31)) will diffuse, on average, 62 um in 2.57 s. This is in good agreement with the 59

um depth of the microholes in our electrodes. That the calculated thickness is somewhat

larger than the depth of the microhole is to be expected because, as indicated above, the
diffusion layer must traverse both the depth of the microhole and the thickness of the
unstirred nemnst layer at the electrode surface (15).
CONCLUSIONS

The data in Figure 2 and 3, as well as the analysis presented above, show that the
faradaic response characteristics of these microhole array electrodes are in agreement with
the predictions of the relevant electrochemical theory (12,15,19). We have shown, however,
that care must be taken to seal the electrode/membrane interface to prevent spuriously high
background currents. These microhole array electrode combines very deep microholes with

the smallest microhole diameters (200 nm) to be reported in the literature to date.
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Table I. Electroactive Surface Area Data® For Microhole Array
Electrodes in Aqueous and Nonagqueous Solutions.

Electrode Type Sovent Initial After 5 Hours
Gold/Anopore DMSO 1.3 1.3
Gold/Anopore Water 0.7 5
Gold/Silane/Anopore Water 1 2.2

2Areas expressed as the ratios of the experimental area to the ideal
(see text) area.
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EIGURE CAPTION

Figure 1. Background cyclic voltammograms at 100 mV s* at a microhole array electrode
(solid) and a gold macroelectrode (dashed) in 0.2M LiClO, / DMSO. The geometric area of

both electrodes was 0.33 cm?.

Figure 2. A. Cyclic voltammograms at the microhole array electrode for 1.60 mM ferrocene
in 0.2 M LiClO, / DMSO solution. Scan rate = 50 mV s". Solution was quiescent (smooth)
and stirred (spiked). B. Cyclic voltammograms demonstrating the transition from semi-
infinite to finite diffusion in stirred solution. Scan rates were 5, 20, and S0 mV s';

geometric area of the electrode = 0.64 cm?.

Figure 3. Maximum current vs. square root of scan rate for voltammograms obtained at

microhole array electrodes in quiescent (O) and stirred (@) solutions. Solution was 4.745

mM in [Fe(CN)s)* aqueous 1 M KCl.
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